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Abstract. Frequently burned low-latitude coniferous forests maintain a high-diversity understory.
Longleaf pine (Pinus palustris Mill.) forests and woodlands have exceptionally high diversity at fine scales and very frequent fire return intervals (1-3 yr). Furthermore, the positive association between high-frequency, low-intensity surface fires and high species richness in longleaf pine ecosystems is well documented but poorly understood. Recent studies have demonstrated additional linkages between specific fuel assemblages and fire intensity at small spatial scales. In this study, we build upon both patterns by using long-term datasets to examine the relationship between fire and specific fuel types, and how the combination of these two elements contributes to ground cover species diversity. We used 11 yr of monitoring data from longleaf pine forests at Eglin Air Force Base, Florida (USA), to parameterize a structural equation model that examines causal relationships between fuels and fire history on ground cover plant diversity. Overstory-derived fuels, including pine needle litter, pine cones, and other 10 and 100-h woody fuels, had the greatest positive impact on diversity in relatively open-canopied, frequently burned reference stands. A second model examined surface fuel components originating from the forest overstory as characterized by airborne light detection and ranging and found that pine needle litter was positively associated with canopy density. Our parameter estimates for causal relationships between easily measured variables and plant diversity will allow for the development of management models at the stand scale while being informed by fuels measured at the plot scale.
INTRODUCTION
Frequently burned coniferous forests often share a similar forest structure globally, with a monospecific overstory of pine, a sparse midstory, and a high-diversity understory. These forests are widely distributed around the lower latitudes of the Northern Hemisphere and constitute a global conservation concern (Veldman et al. 2015) . Longleaf pine (Pinus palustris Mill.) forests represent an archetype of these systems and are dependent on very frequent fires for maintenance of biodiversity and ecosystem function (Glitzenstein et al. 2003 , Kirkman et al. 2004 , O'Brien et al. 2008 ). For any terrestrial ecosystem, fire can be a catalyst of community interactions via attenuating competition between plant species, allowing for seedling establishment by reducing surface fuels, and adding nutrients to the soil (Kirkman et al. 2001 , Mitchell et al. 2006 . Fires burning in longleaf pine forests are typically high-frequency, low-intensity disturbances that predominately run through surface fuels and understory shrubs with little effect on the canopy. These frequent fires are the major force driving the high levels of ground cover plant diversity found in longleaf pine stands, with up to 50 species/m 2 (Walker and Peet 1984 , Kirkman et al. 2001 , Palmquist et al. 2015 .
Today, longleaf pine forests occupy a fraction of their historic range. Deforestation, logging, and development have reduced forested areas, and decades of fire exclusion policy and practice have given a competitive advantage to fastergrowing tree species that thrive in the absence of fire. Combined, these events have resulted in extensive habitat degradation and reductions in biodiversity (Noss et al. 1995 , Frost 2006 , Mitchell et al. 2006 . Conservation of longleaf pine ecosystems is also important because these forests possess high levels of endemism and are located within a proposed global hotspot of biodiversity (Noss et al. 2015) . While effective management via prescribed burning or low-intensity wildfire is critical for continued health of the longleaf pine ecosystem, mechanistic models of the role of fire in maintaining diversity need considerable development. Variation in fire intensity within burned areas has been found to be an important driver of plant community function and structure, including high ground cover diversity and horizontal or vertical distribution of plant and debris layers within a forest or forest structure , Wiggers et al. 2013 , Loudermilk et al. 2016 . One possible source leading to variation in local-scale fire intensities is the variation in distributions of surface fuels, or fuels found near the forest floor ). These fuels are derived from the overstory, midstory, and understory. This variation in fuel sources and effects on fire intensities is a critical part of the ecology of fuels concept ), which focuses on cycles of impacts of forest structure and vegetative composition on fuel heterogeneity, which in turn affects fire behavior and community responses to fire, including changes in plant diversity and long-term forest structure.
Heterogeneity in fuels across the landscape directly affects fire intensities in these surface fire regimes. Woody fuels, such as pine cones and branches, are spatially associated with pine tree distribution and temporally associated with changing canopy cover (tree mortality, growth) and episodic cone production cycles (Boyer 1998) . These dense fuels burn for extended periods with up to 12 times more energy release than finer fuels (grasses, forbs, shrubs) and vary at scales <0.25 m 2 (Fonda and Varner 2004 ). Understoryderived fuels such as shrubs and deciduous oaks comprise a significant portion of the litter on the forest floor, and volatile shrubs and other fine fuels, such as pine needle litter, grasses, forbs, and legumes, are important for carrying fire across the landscape. Using the spatially explicit wildland fuel cell concept, Loudermilk et al. (2012) empirically linked fine-scale variation in fuel as the driver of heterogeneity in fire behavior and fine-scale fire intensity. We know that fire is the critical element in maintaining biodiversity in longleaf pine forests (Kirkman et al. 2004) ; thus, understanding the causal mechanisms linking plant community composition to fuel type and understanding the contribution of various fuel types to fire effects are major goals for ecology (Thaxton and Platt 2006 , Gagnon et al. 2010 ).
The issue is that different fuels burn simultaneously, making it difficult through retrospective assessments alone to disentangle each fuel type's contribution to the ecological consequences of fire. New empirical methods utilizing infrared thermography can capture in-fire, spatially resolved, radiative heat flux and relate these patterns to fire effects . While these data are informative at fine scales, they need to be linked to coarser-scale patterns in forest structure in order to investigate the impacts of forest management on different scales of diversity (Hiers et al. 2003) . Structural equation modeling (SEM) is a statistical approach that allows the testing of hypothesized causal relationships among complex associations of variables (Grace et al. 2015 , Shipley 2016 . It is especially useful for testing proposed causal linkages between fine-scale fuel measurements and landscape-scale patterns of forest structure. For example, the use of active remote sensing, specifically airborne light detection and ranging (LiDAR), can provide detailed information on forest structure at the landscape scale and can be used to test hypotheses about how such forest structure affects diversity at smaller scales.
In this study, we created SEMs to examine associations between fire, fuels, and plant species richness at fine scales (<1 m 2 ) in frequently burned longleaf pine forests of northwest Florida and then assessed whether LiDAR maps of forest structure over a landscape (100s of km 2 ) could predict relevant patterns of fuel types driving patterns of diversity. We initially tested for associations among the number of fires and the distribution of six common litter fuel types. We hypothesized that spatiotemporally variable distribution of these common fuel types drives heterogeneous fire behavior. We also examined associations between each fuel type and associated ground cover diversity. From this, we modeled the indirect effects of fire on ground cover diversity mediated by fuel type. Finally, at a coarser scale, we investigated and modeled how forest structure predicts each fuel type . Combined, we were able to test causal relationships responsible for maintaining high levels of plant diversity in longleaf pine ecosystems based on fuel types and forest structures that are common in other forests with similar structure and burn frequency.
The statistical modeling was guided by two primary objectives: first, to model the effects of burning different fuel types on variation in ground cover plant diversity in reference stands, and second, to evaluate the ability to up-scale patterns of fuel, fire, and diversity to a management context through linkages to overstory forest structure as characterized by airborne LiDAR data and the field measurements of the fuel bed. While many fire modeling applications consider litter as a uniform component of surface fuels for increased ease of simulation (Keane 2015) , separating out the specific types of litter can be highly informative when assessing fuel type contributions to fire effects. We used 11 yr of vegetative monitoring data (collected by the Natural Resources Branch, Eglin Air Force Base [EAFB], Hiers et al. 2007 ) from forested longleaf pine stands to parameterize a SEM comprising hypothesized relationships between fire history, plant diversity, and ground measured surface fuel variables, represented by commonly occurring types of litter: woody fuels, oaks and shrubs, forbs, grasses, saw palmettos, and longleaf pine needles (Table 1) . In an effort to better create a foundation upon which to understand the ecology of fuels, we focused our efforts on regularly burned reference stands. A second SEM was then created to assess LiDAR as an effective indicator of the origin of these fuel components within these reference plots ( Table 1) .
As a secondary objective relevant to both the generality and context dependency of our findings, we tested for differences in modeled effect size between vegetative community types and stand quality. To examine litter effects in the two predominant community types, we extended our main model by running the SEM separately through plots located in sandhills and flatwoods. In a second comparison, we examined how effect sizes vary along a gradient of stand quality represented by increased fire return intervals (FRI) found in sandhill plots located within reference, restoration, and plantation stands.
MATERIALS AND METHODS

Study area
All data were collected at EAFB located in the Gulf Coastal Plain of the Florida panhandle, USA. Eglin Air Force Base is over 180,000 ha in size, is home to over half of the remaining stands of old-growth longleaf pine, and is actively managed by frequent prescribed fire (Holliday 2001 , Varner et al. 2005 , Hiers et al. 2007 ). The climate is typified by hot, humid summers with frequent thunderstorms and lightning strikes, mild winters, mean annual temperature of 18.3°C, and annual precipitation of 1580 mm (Provencher et al. 2001) . The area has relatively little topography (0-100 m a.s.l.) and is dominated by welldrained Lakeland series soils.
Xeric sandhills and mesic flatwoods are the dominant vegetative communities found at EAFB. Longleaf pine is a foundation species and is typically monodominant in the overstory with a relatively open canopy throughout the site. The sandhills are also comprised of shrubby hardwoods species such as turkey oak (Quercus laevis), blackjack oak (Quercus incana), and persimmon (Diospyros virginiana); however, these species are generally absent from the flatwoods. Most of the hardwoods are in a shrub state, as they are continuously top-killed by fire. The ground cover vegetation contains most plant species and is dominated by several grasses, such as wiregrass (Aristida stricta), little bluestem (Schizachyrium scoparium), broomsedge (Andropogon virginicus), as well as dwarf huckleberry (Gaylussacia dumosa), evergreen blueberry (Vaccinium darrowii), runner oak (Quercus minima), saw palmetto (Serenoa repens), and gallberry (Ilex glabra).
Eglin Air Force Base contains a diverse array of longleaf pine forests including reference Forbs will contribute to fuel bed depth providing surface-level fuels, which will moderately increase diversity ❖ www.esajournals.orgstands representing high-quality habitat with relatively open understories, stands undergoing the process of ecological restoration via chemical and mechanical treatments toward reference conditions, and plantations of longleaf pine. Current EAFB natural resource policies of increasing fire frequency for red-cockaded woodpecker (Picoides borealis) management began in 1995. Reference plots in the dataset experienced fire nearly every other year, from at least the mid-1990s through the time of data collection with variation in FRI of 1.6-6 yr, while restoration and plantation plots had a broader range of FRI of 2.1-18 yr.
Monitoring data
The EAFB Natural Resources Branch monitoring program began collecting fuel and vegetation data in 201, one-hectare plots randomly located across the base in 2001. All plots in the program were sampled one year following management activities including fire, herbicide treatments, and timber harvest to determine the effects on plant communities. With the regular application of fire occurring every 15-24 months, plots were revisited and resampled on two to five occasions between the years 2001 and 2012. Each plot visit included the measurement of understory species richness in four 10 9 10 m subplots nested within each monitoring plot, as well as collection of fuels data. During each sampling event, fuels were measured every 10 m along two 50-m point-intercept transects and averaged for each plot. Woody fuels were counted when they intercepted transects by time lag classes (Brown 1974) , with intact pine cones and 2.54-7.62 cm diameter branches recorded as 100-h fuels and broken cones and branches 0.635-2.54 cm in diameter designated as 10-h fuels. Total litter depth was measured at each intercept, litter type determined from original form, and then tallied by individual litter class including longleaf pine needles, grasses, saw palmetto, oaks, shrubs, and forbs. The depth of the combined fermentation (Oe) and humus (Oa) layers, also known as duff, was recorded along transects. Live fuels for these same vegetation classes were also recorded with shrubs and oaks being classified into volatile and non-volatile categories. At the time of fuel measurement, grass litter was closely associated with live fuels as bunch grass represents a combination of some percentage of live fuels and litter.
Additionally, a tally was taken along transects of intercept with bare ground. Historical records were used to determine fire frequency over the last 40 yr. Additional details about the EAFB monitoring protocol can be found in Hiers et al. (2007) .
In this study, we analyzed a subset of plots that were sampled between 2001 and 2012 in the EAFB monitoring dataset including those located within reference stands (35 plots: 26 sandhill and 9 flatwoods), monitoring plots within sandhill restoration stands (67 plots), and plots located within sandhill plantation stands (30 plots). Because individual plots were sampled numerous times over the 11 yr, measured fuel variables and species richness were averaged across time for each plot prior to analyses. While live fuels are an important consideration in terms of fuel continuity and fire intensity, they are consumed quickly when burned, resulting in brief residence times and little effect on plant mortality (Wenk et al. 2011 , Gagnon et al. 2015 , Fill et al. 2016 . Therefore, we focused our analyses exclusively on dead and downed surface fuels. Furthermore, oak litter, which included both deciduous and evergreen species, was combined with shrub litter prior to analyses. For ease of interpretation (Table 1) , fuels were converted into mass per area (kg/m 2 ) measurements with woody fuels following conversions outlined in Brown (1974) and litter loadings as described in Prichard et al. (2013) .
LiDAR data
Airborne LiDAR uses high-frequency laser pulses to measure distances between the LiDAR sensor and underlying vegetation and terrain. When flown over a forest, LiDAR characterizes the forest structure as a three-dimensional cloud of points. These points resemble the spatial configuration of forest vegetation within the canopy, understory, and near the ground surface (Hudak et al. 2009 ). Light detection and ranging processing for forest management often entails reducing the three-dimensional data of canopy elements to metrics of canopy height and density that can serve as informative inputs into predictive models . By calculating these metrics within defined monitoring plot areas, the LiDAR metrics can serve as predictor variables to the observational data collected at finer spatial scales.
❖ www.esajournals.orgLight detection and ranging data covering EAFB were downloaded from a public repository (http://www.nwfwmdLiDAR.com/); data were collected in 2006-2008 at mean return densities ranging from 0.5 to 2.9 points/m 2 . Returns were classified as ground or nonground and normalized to height above ground using the "lasground" tool of the LAStools software program (Isenburg 2015) . The "lascanopy" tool was then used to generate canopy density metrics within four vertical strata (Table 2) calculated at two levels: (1) within the discrete plot footprints where monitoring data were collected in the field (i.e., model level) and (2) within contiguous 30 9 30 m grid cells across the entirety of EAFB (i.e., map level). The calculated density metrics for the overstory, midstory, understory, and surface strata were then used as predictor variables in a SEM investigating the vertical canopy strata of origin for the plot measured litter categories described above. In addition, EAFB managers maintain a geodatabase of fire history that includes the fire boundary, date of burn, and fuel type for each fire that has occurred at EAFB since 1972. We summarized this geodatabase to produce a GIS layer that consisted of a 30 9 30 m raster of the number of fire occurrences between 1995 and 2012 (Fig. 1) . Additional details regarding LiDAR processing and analysis are available in Hudak et al. (2016a) .
Structural equation model formulation
The first SEMs were formulated to test hypothesized causal relationships between fire, fuels, and ground cover plant species diversity (Table 1A) . Ubiquitous fuel types found in longleaf pine forests may contribute to ground cover diversity when consumed by fire; these fuel types include woody fuels (10 and 100-h time lag fuels, which includes both weathered and recently fallen pine cones) and litter (longleaf pine needles, shrub and oak, grass, forb, and saw palmetto). A second approach focused on the hypothesis that remotely sensed LiDAR metrics predict how forest layers (overstory, midstory, understory, and surface vegetation) contribute to the different fuel types examined in the first path analysis (Table 1B) .
For all path models, all variables were standardized and transformed to meet assumptions of normality, and models were run using the lavaan package in R (Rosseel 2012 , R Development Core Team 2015 . All models were specified based on our predictions (Table 1) , estimated by maximum likelihood, and tests of model fit followed guidelines outlined in Shipley (2016) . Model fit indices including chi-square and Akaike information criterion (AIC) were used to determine the specific model that best fit the data after removal of non-significant associations, with P-values of >0.05 considered to indicate a good model fit. Direct effects were estimated directly using standardized path coefficients, while indirect effects of fire through each fuel type were simply the products of direct effects for each pathway from fire to diversity.
The SEM was run separately for flatwoods and sandhills reference plots to test differences in fuel contributions based on the two main vegetative community types found at EAFB. Additionally, the same SEM approach was utilized for different sandhill forest stand types: reference sites, restoration sites, and longleaf pine plantations to represent a gradient in forest quality. Because vegetation structure and composition are tightly linked with frequency of fire in longleaf systems, the gradient was based on lower number of fires and longer FRI. Over the 18-yr period of fires at EAFB used in the models, the mean FRI was 3.19, 5.89, and 7.87 yr in the reference stands, restoration sites, and plantations, respectively.
RESULTS
Fuel-diversity model
Fuel type had varied effects on species richness following fire in reference plots. Insignificant pathways with negligible effect on diversity included both shrub and oak litter, and forb litter, which were removed from the final model to improve model fit (full model: AIC = 649; reduced model: AIC = 407), yielding a parsimonious model that was a good fit to the data ( Fig. 2 ; v 2 = 5.5; df = 7; P = 0.60). As hypothesized (Table 1) , regular burning had negative effects on all litter types: longleaf pine litter (standardized path coefficient [spc] = À0.23; slope [b = À1.8]), grass litter (spc = À0.01; b = À0.03), saw palmetto litter (spc = À0.11; b = À0.13), and woody fuels (spc = À0.12; b = À0.96). Additionally, all fuel types were significantly and negatively (i.e., in their consumption) associated with ground cover plant species diversity (Table 3, Fig. 2 ). Specifically, saw palmetto litter had a significant negative effect on diversity (spc = À0.15, b = À0.68) followed by woody fuels (spc = À0.44, b = À0.31), grass litter (spc = À0.37, b = À0.31), and longleaf pine litter (spc = À0.39, b = À0.25).
Overall, the indirect effects of fire on species richness, based on the products of measured direct effects from fire, through fuel type, to diversity, were positive for all fuel types (Table 3 ). The burning of overstory-derived fuels had the greatest positive effects on ground cover diversity with longleaf pine needle litter producing the largest indirect effect (spc = 0.09; b = 1.2) as well as pine cones and other woody fuels (spc = 0.05; b = 0.74). Saw palmetto litter also exerted a positive effect on species richness (spc = 0.02; b = 0.22; Table 3 ). The burning of grass litter provided little contribution to ground cover diversity (spc = 0.004; b = 0.03). Summing these individual contributions together results in a clear mechanism for the well-documented positive association between fires and ground cover diversity in longleaf pine systems and is indicated by the significant indirect effect (spc = 0.16, b = 2.2) as shown in the black dashed line in Fig. 2 .
LiDAR model
In longleaf pine ecosystems, fuels are contributed from different forest layers, including the overstory (trees above 5 m), understory (plants 0.5-1.37 m height), and surface vegetation (0-0.5 m). Since reference stands do not typically have a well-developed midstory, this component of the forest canopy was excluded from the model. In reference stands, LiDAR density measurements were effective in representing most fuel types based on correlations with forest structure (v 2 = 3.98; df = 12; P = 0.98, Fig. 3 ). Overstory density was a strong predictor of pine needle litter (spc = 0.36; b = 0.77), and understory density predicted shrub and oak litter (spc = 0.20; b = 0.74). Overstory LiDAR was not an effective indicator of woody fuels (spc = À0.18; b = À0.36). The double-headed arrows indicate unestimated relationships, including a positive correlation between near-surface LiDAR (0-0.5 m) and forb litter (spc = 0.25; b = 0.36), a weaker association with saw palmetto litter (spc = 0.28; b = 0.07), and even less with grass litter (spc = 0.02; b = 0.03).
Forest community type
In a separate SEM, we compared fuel contributions in flatwood and sandhill reference plots (Fig. 4) . Pine needles provided the greatest ❖ www.esajournals.org 
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Notes: Total effects are calculated as the sum of the product of individual standardized path coefficients (spc). Significant pathways are denoted with asterisk. Effect size in terms of species richness (S) is also shown as indicated by calculated slope (b) from fuel-diversity structural equation model. In fire-dependent ecosystems such as the longleaf pine forest, greater numbers of fires have positive effects on ground cover species richness. This relationship is mediated by the composition and consumption of different surface fuel types, including longleaf pine litter, pine cones, and other 10 and 100-h woody fuels, grass litter, and saw palmetto litter. Numbers next to lines are the standardized path coefficients. Line thickness corresponds to strength of path coefficient, and asterisks denote statistical significance (P < 0.05). Black dashed line represents total indirect effects of fire on diversity as indicated in Table 3 . The model is a good fit to the data (v 2 = 5.2; df = 7; P = 0.64) as indicated by P-values larger than 0.05. Insets within fuel types are partial correlation plots of the paths between individual fuel types and species richness while accounting for the effects of all other fuel types.
❖ www.esajournals.orgpositive contribution to diversity in sandhills with 0.34 kg/m 2 fuel loads resulting in a larger increase in diversity (spc = 0.09; b = 1.3) compared to flatwoods (spc = 0.03; b = 0.50). However, in flatwoods, the burning of 0.16 kg/m 2 of woody fuels resulted in a larger increase in diversity (spc = 0.16; b = 1.94) with a smaller increase in sandhills (spc = 0.04; b = 0.59). There was little difference in direction of the contribution of saw palmetto and grass litter between the sandhills and flatwoods; however, the magnitude of indirect effect on ground cover diversity increases for each fuel type in the flatwoods (Fig. 4) . Fuel loading of 0.02 kg/m 2 of saw palmetto litter had little effect in sandhills (spc = 0.002; b = 0.03) but a slight diversity increase in flatwoods (spc = 0.12; b = 0.18). Finally, grass exerted negative influences in sandhills (spc = À0.06; b = À0.925) and flatwoods (spc = À0.06; b = À0.69).
Stand quality
Finally, we ran the SEM for differing longleaf forest types located exclusively within intact sandhill communities. The model included reference sites, plots in the midst of restoration, and plots located within plantation stands to represent a gradient of stand quality based on fewer total burns and increased FRI. Approximately 0.30 kg/m 2 loading of pine needles had a positive effect on diversity in reference (spc = 0.09; b = 1.3) and restoration plots (spc = 0.05; b = 0.73), and negligible negative effect in plantations (spc = À0.001; b = À0.007). Similarly, woody fuels had a positive effect in reference stands (spc = 0.04; b = 0.59) and negative effect in restoration plots (spc = À0.007; b = À0.11). 
DISCUSSION
Our results that overstory-derived fuels help maintain plant diversity in longleaf pine forests are not surprising, but it is important to recognize that these effects are dependent on fuel types, which in turn are affected by the forest structure. These results should be generalizable to other coniferous forests based on the variety of systems we examined, including flatwood and sandhill communities, and a reasonable gradient of stand quality experiencing variable total burns and FRI. Similarly, the predictive power of LiDAR data for detecting these positive effects of fuels on diversity is likely to be similar in other forested systems and clearly demonstrates the indirect effects of basic forest structure characteristics on overall plant diversity.
Overstory-derived fuels
This study documented a positive influence of overstory on diversity in EAFB's characteristically open stands with canopy openness remaining similar across reference (51.5%), restoration (42.4%), and plantation stands (50.9%; Fig. 5 ; Battaglia et al. 2003 , Hiers et al. 2007 ). In stands with few historical fires and which were undergoing restoration by tree removal, Platt et al. (2006) suggested that a dense overstory of longleaf pine hindered ground cover plant species diversity due to light limitation. In the stands we studied, light limitation was unlikely a factor. This was demonstrated by Hiers et al. (2007) , where forest floor development, not canopy light interception, was the main driver of the loss in plant biodiversity. This occurs when forests remain unburned. We found that the overstoryderived fuels in stands maintained by frequent fire provided a significant contribution to species richness, particularly in flatwoods. We also found that longleaf pine litter exerted the greatest positive influence on ground cover richness in reference plots, where a mean fuel loading of 0.34 kg/m 2 added a mean of 1.2 plant species with each additional fire (Table 3, Fig. 2) .
Overstory-derived fuels, mainly longleaf pine needles and cones on the forest floor, are a critical component of longleaf pine fire ecology ). Pine needles facilitate fire by supplying a continuous and highly combustible fuel bed (Rebertus et al. 1989 ). Ellair and Platt (2013) found that pine litter acted synergistically with other fuels to increase fire intensity, resulting in longer heating duration of understory vegetation and increased consumption of hardwood litter. Additionally, variation in the amount of pine litter had significant impact 5 . Effect of the burning of each fuel type along a gradient of ecosystem quality. Indirect effects are calculated as the combined effect of burning each fuel type as it relates to ground cover diversity, measured here as species richness (S). Gradient of ecosystem quality in reference, restoration, and plantation sandhill stands is based on longer periods between burning. Numbers in parentheses next to each stand type refer to mean fire return interval.
on fire behavior and fire effects, which in turn alters forest structure by determining the prevalence of midstory hardwood species, such as the turkey oak (Quercus laevis; Hiers et al. 2009, Ellair and Platt 2013) .
We found that woody fuels, which include small branches and pine cones derived from the longleaf canopy, significantly promoted ground cover diversity when burned, adding a mean 0.74 species in reference stands at loadings of 0.1 kg/ m 2 (Table 3 , Fig. 2 ). Woody debris burns at high intensity, releasing 12 times the radiative energy as fine fuels , and has significantly longer residence times (Fonda and Varner 2004 . These hotspots of fire intensity can influence understory mortality as plants near woody debris have been found to be three times as likely to die from increased energy release from burning woody fuels ). These patches of increased mortality likely result in open areas of bare mineral soil for seedling establishment of both herbaceous species and longleaf pine resulting in increased variation in recruitment patterns post-fire (O'Brien et al. 2008 , Wiggers et al. 2013 ).
When fire is removed from the landscape, litter and woody fuels accumulate on the forest floor contributing to an O horizon, decomposing to fermentation (Oe) and humus (Oa) layers, which is also described as duff or forest floor (Varner et al. 2005 , Kreye et al. 2017 . Hiers et al. (2007) showed that understory health is inversely linked with the amount of duff that has accumulated in the absence of fire in longleaf pine. Consistent with that study, we found that species richness was indirectly reduced with elevated litter in plantations, resulting from longer FRI (Fig. 5) . This was not the case, however, with the consumption of woody fuels. Pine cones and woody fuels, especially during dry conditions, increase the probability of duff ignition and consumption (Kreye et al. 2017 ). When fire is reintroduced, the increased fire intensity and radiative energy released by woody fuels (Kreye et al. 2013 , coupled with longer residence times (Fonda and Varner 2004, Loudermilk et al. 2012) , will result in the consumption of duff and exposure of bare mineral soil for seedling establishment (O'Brien et al. 2008 , Wiggers et al. 2013 . Therefore, woody fuels consumption may be a key process in maintaining diversity in forested stands characterized by more extended FRI (Fig. 5) . Additionally, the positive effects on vegetative diversity resulting from burning woody debris, such as pine cones, may be significantly greater following longleaf pine masting events when individual trees may produce >100 cones , Brockway 2015 . This potentially high contribution to diversity by woody debris consumption in flatwoods (Fig. 4) and pine plantations (Fig. 5) warrants further investigations into issues such as the fire radiative heat flux necessary to create open space in shrubby flatwoods or the consumption of duff in pine plantations (Varner et al. 2005) .
Detrital fuels
Although oak litter often has been assumed to be associated with decreased plant diversity (Provencher et al. 2001, Thaxton and , oak litter did not appear to be associated with lower levels of diversity in this study. This may be due to the inclusive nature of this litter category which incorporated oaks with variable flammability. Pyrophytic oaks such as turkey oak (Q. laevis) are characterized by the production of flammable leaf litter, which burns with similar characteristics to longleaf pine needles (Kane et al. 2008 , Varner et al. 2015 . In contrast, fireavoiding oak species such as live oak (Quercus virginiana) produce non-flammable litter, which prevents fire from reaching the plant . Removal of deciduous oaks in xeric sandhill habitat has often been the inappropriate target of intense management, but recent evidence suggests that they are benign at worst, and can actually add to conservation value of stands . Our study confirms that xeric oaks native to sandhill habitat at Eglin have little influence on patterns of understory diversity. Moreover, data now suggest that deciduous oaks facilitate longleaf pine regeneration on xeric sites (Loudermilk et al. 2016) . Additional insights may be gained if these flammable guilds were separated in future analyses.
Graminoids are a common feature of longleaf pine plant communities (Holliday 2001 , Kirkman et al. 2001 ), yet we found that variation in grass litter had negligible influence on ground cover diversity in reference and restoration stands (Fig. 5) . Furthermore, grass litter had an intermediate negative effect in pine plantations (Fig. 5) . In the absence of fire, grass litter can accumulate, limiting light resources and competitively excluding lower stature plants (Walker and Peet 1984) . Grasses do play a role in fire ecology by contributing an abundant fine fuel source that dries out quickly, is highly ignitable, and combusts rapidly, thus promoting fire spread (Fill et al. 2016 , Simpson et al. 2016 ). Grasses have also been shown to have similar peak heat flux to pine litter when burned, although residence times are shorter (Loudermilk et al. 2014 , Fill et al. 2016 . Therefore, grasses represent a self-perpetuating fuel load that also limits hardwood growth and reduces postfire competition (Ripley et al. 2015 , Simpson et al. 2016 . The small effect size in our models suggests that the positive association that exists between grass and ground cover plant species diversity may be more likely due to subtle factors, such as pine needles that are caught and suspended on bunch grasses, contributing to aeration and continuity of the fuel bed (Loudermilk et al. 2014) .
Saw palmetto litter had a small, positive effect on diversity in reference stands and flatwoods, and a negligible effect in restoration stands and sandhills (Figs. 4, 5) . Although the effect was minimal, this litter may be an important source of depleted soil nutrients such as nitrogen (N) and phosphorus (P) to plants. While unmeasured and outside the scope of this study, nutrient input post-fire is highly variable (Lavoie et al. 2014 ) and has been shown to stimulate the growth of understory species (Certini 2005) .
Relevance to management
Understanding how forest structure interacts with fire management to conserve biodiversity is critical for conservation in pine-grassland ecosystems (Mitchell et al. 2006 , O'Brien et al. 2008 ). This study shows that plant diversity is linked to variation in fire intensity from canopyderived overstory fuels. While it is documented that fire intensity is linked to heterogeneous fuels at fine spatial scales , it is important to also understand the role of forest structure, which is the most common attribute targeted by conservation managers. The focus of management for specific forest structure alone without understanding mechanisms has led to negative conservation outcomes . This study provides a mechanistic link and documents specific patterns between the burning of canopy-derived fuels and high levels of ground cover diversity commonly found in high-quality, frequently burned longleaf pine forests. Such patterns allow managers to discern the critical elements of forest structure, fuels, and subsequent fire behavior that drive biodiversity conservation in managed forests.
In light of changing climate and future uncertainty, long-term monitoring data are critical for understanding how ecosystems change in response to management Hobbs 2009, Hiers et al. 2016) . As demonstrated here, long-term monitoring programs are critical in identifying and quantifying these changes; however, high-quality monitoring often requires substantive labor and financial inputs that cannot be sustained. Therefore, using remote sensing metrics to link to observed fuels data can contribute to more costeffective management models conducted at broader scales or fill breaks in monitoring data acquisition. Our results from the LiDAR SEM demonstrate specific linkages and contributions of fuels from various vertical canopy strata within the forest structure using landscape-scale LiDAR data and plot-scale ground observations (Fig. 3) .
While our fuel-diversity model (Fig. 2 ) explained over half of the variance in plant species richness, there are other factors that contribute to the fire-fuel-diversity relationship. Incorporating empirical fire intensity data could give increased insight to these models, by adding causal linkages between fuel types and heat flux. Improvements in the capture of empirical fire intensity data are providing important insights into explicit contributions of fuels to fire behavior and can help understand dose-dependent mortality (Sparks et al. 2017) . Our analysis was also limited to common litter types and down woody debris. Other fuel variables, such as the structure and composition of live fuels and respective moisture content or fuel complexes (i.e., fuel cells), could also contribute to ground cover diversity through modification of the combustion environment, especially if measured immediately pre-ignition.
CONCLUSION
Feedbacks from fuels differentially affecting fire behavior and intensity leading to post-fire ❖ www.esajournals.orgcommunity dynamics and forest structure at multiple scales are a critical principle of fire ecology ). The path models in this study illustrated distinct forest structure and fuel attributes that drive biodiversity patterns at both plot and landscape scales. This study represents a new way of exploiting long-term monitoring datasets collected at the stand level by linking fuel characteristics and plant diversity. Our results reinforce the concept of the ecology of fuels where studies initially focused on the finescale linkages , Wiggers et al. 2013 , where this study expands this work to incorporate landscape structure and processes. This relationship is part of a more general property of disturbance in natural systems; as disturbances impact ecosystems at regular intervals, there should be predictable associations between vegetation in disturbed patches, fire (or other disturbance) intensity, and fuel composition. While neutral theory and empirical results still provide challenges to the utility of the intermediate disturbance hypothesis (Hubbell et al. 1999) , it is clear that moderate disturbances, such as surface fires, contribute to biodiversity via complex pathways. Further investigations examining hypotheses focused on post-fire establishment and community composition will continue to be relevant to major biodiversity theories, such as the neutral theory of biodiversity (Hubbell 2001) or the continuum hypothesis (Gravel et al. 2006 ).
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